Evolutionary relationship between Old World West Nile virus strains Evidence for viral gene flow between africa, the middle east, and europe by Charrel, R.N et al.
Evolutionary relationship between Old World West Nile virus strains
Evidence for viral gene flow between Africa,
the Middle East, and Europe
R.N. Charrel,a A.C. Brault,b P. Gallian,a J.-J. Lemasson,a B. Murgue,c S. Murri,c
B. Pastorino,a H. Zeller,c R. de Chesse,a P. de Micco,a and X. de Lamballeriea,*
a Unite´ des Virus Emergents, Faculte´ de Me´decine de Marseille & Institut de Me´decine Tropicale du Service de Sante´ des Arme´es,
IFR48-IRD UR034, Marseille, France
b Division of Vector-Borne Infectious Diseases, Centers for Disease Control and Prevention, Fort Collins, CO, USA
c Institut Pasteur, Centre de Re´fe´rence des Arbovirus et Fie`vres He´morragiques Virales,
Unite´ de Biologie des Infections Virales Emergentes, Lyon, France
Received 28 April 2003; returned to author for revision 13 June 2003; accepted 8 July 2003
Abstract
Little is known about the genetic relationships between European and other Old-World strains of West Nile virus (WNV) and persistence
of WNV North of Mediterranean. We characterized the complete genomes of three WNV strains from France (horse-2000), Tunisia
(human-1997) and Kenya (mosquito-1998), and the envelope, NS3 and NS5 genes of the Koutango virus. Phylogenetic analyses including
all available full-length sequences showed that: (1) Koutango virus is a distant variant of WNV; (2) the three characterized strains belong
to lineage 1, clade 1a; (3) the Tunisian strain roots the lineage of viruses introduced in North America. We established that currently
available partial envelope sequences do not generate reliable phylogenies. Accordingly, establishing a large WNV sequence database is
pivotal for the understanding of spatial and temporal epidemiology of this virus. For rapid completion of that purpose, colinearized
E-NS3-NS5 gene sequences were shown to constitute a valuable surrogate for complete sequences.
© 2003 Elsevier Inc. All rights reserved.
Introduction
Until recently, only two strains of the West Nile virus
(WNV; family Flaviviridae, genus Flavivirus) had been
completely sequenced, including the original 1937 human
isolate from Uganda (Castle et al., 1985, 1986) and a mos-
quito isolate of the Australian West Nile variant Kunjin
strain MRM61C from 1960 (Coia et al., 1988). Following
the introduction of WNV into North America, efforts have
been made to characterize the full-length sequences of new
WNV isolates. Complete genome sequences have been de-
termined for 15 strains isolated from humans, birds, horses,
and mosquitoes (Lanciotti et al., 2002); this new batch of
full-length sequences has substantially contributed to the
improvement of our understanding of the evolutionary re-
lationships between WNV strains. For instance, comparison
of the earliest WNV strains isolated in New York with Old
World strains demonstrated a close relationship of the
American virus with strains isolated in Israel. This indicated
that WNV was most likely introduced by an infected air
traveler or by transport of infected mosquitoes or birds from
the Middle East to the United States. In contrast to the
investigations of the origin of the North American WNV
introduction, much less effort has been afforded to investi-
gate the mechanisms of the introduction of WNV into the
European continent. West Nile virus circulation occurs in a
complex ecosystem in which migratory birds belonging to
the Palearctic-African migration system or wintering in the
Mediterranean area play a central role and are presumably
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responsible for periodic introductions of African or Middle
Eastern WNV into European countries (Hubalek, 2000).
Little is known about the genetic relationships between
European and other Old World strains and about possible
persistence of WNV in countries located north of the Med-
iterranean. To address this question, we characterized the
complete coding region of genomes of three WNV strains
from France (PaAn001, horse, 2000), Tunisia (PaH001,
human, 1997) and Kenya (KN3829, mosquito, 1998). In
combination with all previously available full-length WNV
sequences of strains from Senegal, Uganda, Egypt, Roma-
nia, and Russia, this has provided the means to discuss the
evolutionary relationships between strains isolated in Africa
and the Middle East with those from Europe. The genetic
relatedness of additional strains isolated from the United
States and Australia and of the Koutango virus (a closely
related African flavivirus) will also be discussed.
Results
Sequence determination
The complete sequences of strains PaAn001, PaH001,
and KN3829 were determined and deposited in the Gen-
Bank database under accession numbers AY268132,
AY268133, and AY262283, respectively. Assuming that
the 5 and 3 termini are identical in length to those of
European and American strains characterized to date, these
genomes are 11,029 nt in length with an ORF of 3433 nt (as
observed for the genomes of all completely sequenced West
Nile clade 1a strains).
Analyses of sequences
Complete sequence analysis: genetic distances
Distance data are presented in Fig. 1. The percentage of
nt and AA identity over the entire genome among West
Nile, Kunjin, Koutango, and Japanese encephalitis strains is
shown in Fig. 1a. Fig. 1b shows a histogram of frequency
distribution for genetic distances. The comparison between
matrices constructed from (1) complete nt and AA se-
quences and (2) E/NS3/NS5 nt and AA sequences showed
that the latter are a valuable surrogate for full-length ge-
nomes in this data set. Accordingly, Koutango virus E/NS3/
NS5 nt sequences were included in the analysis after ade-
quate corrections in the calculation of distances (see Fig. 1).
Within clade 1a, the group of American/Israeli viruses
collected between 1998 and 2000 is highly conserved (d 
0.5%) and the most closely related strain to this group is the
Tunisian strain PaH001. Another group (d  2%) is con-
stituted by viruses isolated in Europe between 1996 and
2000, but it must be noted that this group also includes the
African strain KN3829. The Egyptian strain Eg101 col-
lected in 1951 is the most divergent within the clade.
Phylogenetic analysis based on complete sequence data set
The percentage of homology between the polyproteins of
West Nile virus strains makes AA alignments poorly infor-
mative for phylogenetic reconstruction (see Fig. 1a). There-
fore, alignments of nt sequences were used for analysis.
Plotting the number of substitutions against the genetic
distances showed that codon position 1 and 2 were not
saturated; in contrast, inclusion of the third position was
responsible for a saturation of the transition signal for ge-
netic distances  15%. Consequently, the topologies ob-
tained by using complete (coding  noncoding) sequences
and codon positions 1 and 2 of the polyprotein were com-
pared. Both topologies and bootstrap values were similar
irrespective of the method used for distance calculation
(Fig. 2a). Fig. 2b shows the same phylogenetic reconstruc-
tion displayed in a tree where branch lengths are propor-
tional to pairwise distances.
The comparison of the polyproteins of the Israeli and
American strains (Fig. 3) with that of the Tunisian strain
shows that the latter has two specific AA residues in the
envelope gene, two in the NS1, one in the NS2B, and three
in the helicase domain of the NS3 (two of them being within
or in the close vicinity of conserved motifs). Specific AA
residues that differentiate the French and Kenyan strains
from the American and Israeli strains are reported in Fig. 3.
Phylogenetic analysis based on partial sequence dataset
The analysis of complete WNV sequences provides for the
generation of robust phylogenetic trees. However, it is clear
that the data set of complete genomes provides a poor picture
of WNV diversity. A significant number of sequences avail-
able from GenBank have been determined in the E gene, but
most of them are only 255 nt in length and do not allow for
reliable evolutionary analysis. In attempts to investigate WNV
diversity, we collected from GenBank all sequences that were
homologous to the 43 West Nile, Kunjin, and Koutango se-
quences reported by Scherret and collaborators (2001). The
quality of alignments at the 3 end of these500-nt sequences
was poor (possibly due to limited numbers of sequences or to
sequencing errors in the first nt following the reverse oligonu-
cleotide primer). Consequently the 3 termini were excluded,
limiting phylogenetic analysis to nt positions analogous to
nucleotides 1210 to 1656 of the Eg101 genome. In this data set,
transitions at the third codon position were saturated for pair-
wise distances  20%. Due to the size of the region, omitting
the third position resulted in an unacceptable loss of phyloge-
netically informative sites, particularly for closely related
strains. Trees were produced using all three codon positions;
however, delineation became uncertain at the deepest nodes.
To maintain the accuracy of the presented topologies, these
nodes were collapsed in the condensed tree presented in Fig. 4.
The outgroup position of Koutango virus was maintained be-
cause it is identical to that observed in the tree based on
complete sequences with 100% bootstrap support. In contrast,
genetic distances observed within lineage 1 are in a range for
which there is no saturation of the third-codon position; there-
382 R.N. Charrel et al. / Virology 315 (2003) 381–388
fore, the overall topology in this group is, as expected, similar
to that resulting from full-length sequences analysis. A large
group of viruses collected from Israel and USA (n  37) is
rooted by the 1997 Tunisian PaH001 strain. The group of
European/Kenyan viruses identified in the tree constructed
with complete sequences is also found in this tree.
Compared to Fig. 2a and b, Fig. 4 identifies two addi-
tional clusters within clade 1a. The first one includes two
strains recovered in the 1980s in Central African Republic.
The second includes the Eg101 1951 Egyptian strain and a
Romanian 1996 human strain. This indicates that different
strains were circulating in Romania during 1996. If this is
true, it contradicts the aforementioned hypothesis postulat-
ing that birds that migrate into a given region are infected by
specific strains. Moreover, based on the 255-nt envelope
sequences, a series of strains from Asia and Eastern Europe
(Russia 1963, Azerbaijan 1963 and 1970, and Tajikistan
1999), from Western Europe (France 1965), Middle East
(Israel 1952), and South Africa appear to also belong to this
cluster (data not shown in Fig. 4). This raises interesting
questions concerning the large geographical distribution of
strains belonging to this cluster, but also the identification
over a period of nearly 50 years of very similar strains and
certainly merits further investigation.
Within clade 1b, the topology is consistent with the results
of Scherret and collaborators (2001) by identifying a group of
very closely related strains collected in Australia between 1960
and 1991, and one divergent isolate (KUNP1553, Australia
1994). This tree also identifies a group of viruses correspond-
ing to lineage 2 that consists of a group of African viruses
Fig. 1. (a) Percentage identity over the entire genome among West Nile virus, Koutango virus, and Japanese encephalitis virus strains. The lower-left matrix
corresponds to nucleotide sequences. In the case of Koutango virus, a colinearized E/NS3/NS5 sequence was used. The general relationship between distances
calculated from complete nt sequences and distances calculated from E/NS3/NS5 nt sequences is: d complete nt d E/NS3/NS5 nt 1.0497 0.0029 (R2 0.99).
Genetic distances between Koutango virus and other viruses were corrected accordingly. The upper-right matrix corresponds to amino acid sequences. A
similar correction [d complete AA  d E/NS3/NS5 AA  1.3778  0.0008 (R2  0.99)] was made for distances between Koutango virus and other viruses.
(b) Distribution of pairwise genetic distances between complete nucleotide sequences (deduced from percentage identity values reported in Fig. 1a). The
genetic distance is reported on the x-axis and frequency of genetic distances is recorded on the y-axis.
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collected between 1937 and 1958 together with the Sarafend
strain (of uncertain origin and laboratory passage history).
Based on the 255-nt envelope sequences, several strains iso-
lated in Central African Republic, Uganda, and Senegal in the
1980s and 90s are likely to belong to this group (data not
shown in Fig. 4). The phylogenetic position of several strains
collected in Madagascar and that seem to belong to this lineage
remains to be elucidated.
Fig. 2. (a) Condensed tree generated from the alignment of complete nucleotide sequences, using the Jukes-Cantor and neighbor-joining algorithms. Line
lengths are not proportional to genetic distances. Values at forks are the results of 500 cycles of bootstrap resampling. For each strain the GenBank accession
number, name, host place, and time of isolation are indicated. (b) Phylogenetic tree generated from the alignment of complete nucleotide sequences, using
the Jukes-Cantor and neighbor-joining algorithms. Sublineages are condensed to improve legibility. Line lengths are proportional to genetic distances.
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Finally, the phylogenetic position of two groups remains
undecided. The first group corresponds to a unique Asian strain
(KUNMP502-66) recently characterized by Scherret and col-
laborators (2001). The other group includes three Indian strains
collected between 1955 and 1980 (based on the 255-nt enve-
lope sequences, the Indian strain G16919 also belongs to this
Fig. 3. Amino acid sequence diversity within lineage 1 based on complete sequences. All nonsilent mutations in the open reading frame of strains belonging
to lineage 1 are reported and plotted along the polyprotein. Mutations that specifically differentiate the Tunisian, French, and Kenyan strains from the
American and Israeli isolates are boxed.
Fig. 4. Phylogenetic reconstruction in the envelope gene using the Jukes-Cantor and neighbor-joining algorithms. Nucleotide sequences included are
homologous to region 1210–1656 of strain Eg101 genome. Sublineages are condensed to improve legibility. Bootstrap resampling values are indicated. Line
lengths are proportional to genetic distances.
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group). In a previous study, these three strains clustered with
lineage 1 (clade 1c according to Lanciotti and collaborators,
2002), but this was not confirmed in our analysis.
Discussion
The most comprehensive phylogenetic analyses of flavivi-
ruses based on NS5 sequences (Kuno et al., 1998; Gaunt et al.,
2001) demonstrated that the West Nile/Kunjin group belongs
to the evolutionary lineage of Japanese encephalitis viruses,
together with Koutango virus and other viruses such as the
Murray Valley encephalitis and St. Louis encephalitis viruses.
This is also supported by a recent analysis of envelope and
NS5 sequences (Scherret et al., 2001). Our results confirm this
point. Distances between Koutango virus and lineage 1 and 2
viruses are 25%, while distances between Japanese en-
cephalitis virus and other viruses are 30%. This shows that
Koutango virus is more closely related to West Nile/Kunjin
virus than to Japanese encephalitis virus, and may be consid-
ered as a distant variant of WNV. However, it is of note that no
human case of Koutango virus infection has been reported to
date and that its capacity for infecting humans is not known.
The molecular data available for West Nile viruses re-
veal a genetic diversity of up to 20% between complete
nucleotide sequences. Based on our results, assignment to
clade 1a is defined by genetic distances  5%; to lineage
1 by genetic distances  13%; to “species” West Nile
virus by genetic distances  21%. It must be emphasized
that these values are likely to increase when new sequences
become available. Phylogenetic analysis of complete ge-
nomes shows the existence of two major lineages, both of
them include human isolates. The trees produced are con-
sistent with the analysis of genetic distances discussed
above and exhibit a group of eight strains isolated in the
USA between 1998 and 2000 from various hosts that is
rooted by an Israeli strain isolated in 1998. This confirms
the close relationship between American strains and certain
Israeli strains, and provides strong phylogenetic support to
the hypothesis that American strains are derived from an
Israeli strain introduced into the USA. Of great interest is
the basal positioning of the Tunisian strain that appears to
be the closest relative of the highly virulent viruses that
spread into North America. This strain was isolated from
one of the three patients who died during the outbreak that
involved 173 patients with neurological symptoms between
September and December 1997 on the Mediterranean coast
of Tunisia (Murgue et al., 2001). It must be noted that no
increase in avian mortality was reported during this out-
break, in contrast to what was observed during the Israeli
and American epidemics involving closely related strains.
Whether this is related to specific biological properties of
the viruses is unknown at this time.
A more accurate picture of West Nile virus phylogeny is
hindered by the lack of significant molecular information
for some of the virus variants. In particular, a complete
sequence of an Indian strain would certainly improve our
understanding of evolutionary relationships. It is important
to emphasize that the production of a large number of
complete sequences following the introduction of the West
Nile virus in North America proved to be a valuable tool to
elucidate the origin of the imported strains. This does not
appear to be the case for the situation observed in Europe.
WNV has been isolated in Czechland, France, Hungary,
Italy, Portugal, Romania, Russia, Slovakia, and the Ukraine,
and WNV activity has been reported on the basis of sero-
logical survey in Albania, Austria, Belarus, Bulgaria,
Greece, Moldavia, Poland, Spain, the former Yugoslavia
(for a review, see Hubalek and Halouzka, 1999, and Hub-
alek, 2000), and more recently in the United Kingdom
(Gould, E.A., personal communication). From an ecological
point of view, this situation is much more complicated than
that observed in North America. Similar strains belonging
to the European/Kenyan lineage of clade 1a have been
isolated in East Africa, the Middle East, Western Europe,
and Eastern Europe between 1996 and 2000 presumably
transported by migratory birds. Interestingly, this group
includes six Israeli strains isolated in 2000, five from birds
and one from a human case. This indicates that two lineages
at least were cocirculating in Israel during the year 2000.
This is most likely the result of the movements of migratory
birds between Africa and Europe via the Middle East. Vi-
ruses belonging to different genetic groups cocirculate in
Africa and constitute a pool from which different strains are
carried in the Middle East and north of the Mediterranean.
However, these data are insufficient to elucidate the number
of introduction events in Europe. For instance, the Italian
1998 and the French 2000 strains are very closely related
(see Fig. 1a); at this stage it is impossible to determine if
their close relationship is the result of two distinct introduc-
tion events of the same original strain into Western Europe,
or due to the persistence of this strain in Europe between
1998 and 2000. The lack of isolates from Europe between
1998 and 2000 precludes investigation of this issue. The
close relationship between the Romanian and Russian
strains raises similar questions. It could be explained by the
fact that birds migrating in these countries are preferentially
infected in Africa by viruses belonging to a specific lineage
or by viral persistence over three years in Eastern Europe.
Similarly, our understanding of the mechanisms under-
lying the persistence in Europe of a given strain is very
poor. The implication of infected ornithophilic mosquitoes,
amphibia (Kostyukov et al., 1986), wetland reptiles (Sixl et
al., 1973), and ticks (Lvov et al., 1989) in overwintering
north of the Mediterranean is unknown. The American
experience and various indirect arguments discussed above
suggest that such persistence is possible. The observation of
a sequence characterized by cases clusterizing during con-
secutive years alternating with long case-free periods sug-
gests that persistence is possible at least during a few con-
secutive years. Establishment of a large database including
sequences of different West Nile strains will be pivotal in
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order to obtain a better understanding of the spatial and
temporal epidemiology of WN virus. Most of the available
sequences to date are 250 nt in length, not allowing reliable
molecular analysis to be performed. The recent character-
ization by Scherret and colleagues (2001) of 500-nt-long
sequences is a real advance, but proved in this study to be
insufficient to allow a precise phylogenetic analysis. We
propose to use in the future a combination of sequences in
the E, NS3, and NS5 genes, which are technically easy to
produce and constitute a valuable surrogate for complete
sequences.
One of the leading findings of the present study is the
identification of a strain (PaH001) isolated in Tunisia in
1997 that roots the lineage of viruses introduced into North
America. It will be useful in the future to compare the
biological properties of this strain with those of American/
Israeli isolates. If significant differences are identified (with
a special attention to the pathology induced in Old World
and New World bird species), reverse genetic methodolo-
gies could be a useful tool to test the possible role of specific
genetic residues in alternative virulence phenotypes.
Materials and methods
Strains
The PaAn001 strain was isolated from medulla oblongata
of a sick horse, in the South East of France (Camargue region)
in 2000. The virus was isolated on Vero E6 cells and genetic
characterization was performed at the first passage. The
PaH001 strain was isolated from a brainstem biopsy of a
60-year-old man in Tunisia in 1997. The virus was isolated on
C6/36 cells and sequence was determined at the 3rd passage.
The KN3829 strain was isolated on Vero cells from a pool of
male Culex univittatus mosquitoes collected in the Rift Valley
region of Kenya in 1998 (Miller et al., 2000). The virus was
sequenced after one additional passage in Vero cells (2nd
passage).
Sequencing
For each virus, overlapping PCR products were obtained
using standard RNA extraction from infected cell cultures. The
RT-PCR protocols and sequences of primers used are available
upon request to the corresponding author. The twenty 5 and 3
terminal nucleotides (nt) were not determined.
Phylogenetic analyses
Sequences from databases
The GenBank accession numbers of the complete coding
sequences of WNV used for phylogenetic analyses are detailed
in Figs. 1 and 2, with all information concerning the isolation
of viral strains (host, time, and location). Partial sequences in
the envelope (E) gene were also used for phylogenetic recon-
struction. Rationale for use of the genetic region chosen (anal-
ogous to nucleotides 1210 to 1656 of the Eg101 genome) is
discussed below. Accession numbers of the corresponding
sequences are indicated in Fig. 4. The information concerning
the isolation of viral strains is also provided in this figure.
Sequence analyses
(1) Pairwise and multiple alignments of partial or complete
nucleotide sequences were generated by the ClustalW (v1.74)
program (Thompson et al., 1994) using default parameters. In
the case of Koutango virus, a colinearization of three sub-
genomic sequences in the envelope (910 nt), NS3 (835 nt), and
NS5 (1035 nt from the Kuno data set; Kuno et al., 1998) genes
were used as a surrogate for the complete sequence. Align-
ments of amino acid (AA) sequences were also performed for
the comparison of the Tunisian, Israeli, and American strains.
(2) Matrices of pairwise genetic distances between nt and AA
sequences were calculated with the program MEGA (v2.0;
Kumar et al., 2001). Matrices obtained from complete nt se-
quences or regions homologous with the colinearized E/NS3/
NS5 sequences of Koutango virus were compared to address
the representativeness of the latter. Data from the pairwise
comparison of E/NS3/NS5 nt sequences were used to construct
a P-distance/frequency histogram. (3) The substitution satura-
tion was investigated in our data sets. The number of substi-
tutions, transitions, and transversions for all positions as well as
for the three distinct positions of the codon were plotted against
the genetic distance and the linear correlation was tested. (4)
Phylogenetic analyses were performed using nucleotide align-
ments, the Jukes-Cantor algorithm, and the neighbor-joining
method implemented in MEGA. The robustness of branching
patterns was tested by 500 bootstrap pseudo-replications. Al-
ternative algorithms for the calculation of genetic distances
were tested (P-distance, Kimura 2-Parameter, Tamura 3-Pa-
rameter, and Jukes-Cantor with gamma correction).
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